Two zeolite templated carbons (ZTC) with comparable structure and different surface chemistry have been synthesized by chemical vapor deposition of different precursors, producing a non-doped and a N-doped carbon material (4 at. % XPS) in which most of the functionalities are quaternary N.
Abstract
Two zeolite templated carbons (ZTC) with comparable structure and different surface chemistry have been synthesized by chemical vapor deposition of different precursors, producing a non-doped and a N-doped carbon material (4 at. % XPS) in which most of the functionalities are quaternary N.
A larger specific capacitance (farads per surface area) has been measured in acid electrolyte for the N-doped ZTC, that can be related to an improved wettability due to the presence of nitrogen and oxygen. The capacitance of N-doped ZTC is lower in alkaline electrolyte, probably due to the loss of electrochemical activity of certain oxygen functionalities. Interestingly, the electro-oxidation process of N-ZTC implies lower irreversible currents (providing higher electrochemical stability) than for ZTC. The presence of quaternary nitrogen greatly improves the electric conductivity of N-ZTC, which shows a superior rate performance.
ZTC and N-ZTC capacitors were constructed using 1M H2SO4. Under the same conditions, N-doped ZTC based capacitor has higher energy density, 6.7 vs 5.9 W h/kg. The power density of N-ZTC is four times higher, producing an outstanding maximum power of 98 kW/kg. These results provide clear evidences of the advantages of doping advanced porous carbon materials with nitrogen functionalities.
INTRODUCTION
Supercapacitors are one of the most relevant energy storage devices due to their extraordinary power density, since this is much higher than that provided by other systems, such as batteries and fuel cells. These devices can be composed by different electrode materials (carbon materials, conducting polymers and metal oxides) and electrolytes (aqueous, organic and ionic liquids). However, the development of the greener, safer and cheaper aqueous-based supercapacitors is severely limited by their low operation voltage. In consequence, their energy density is lower than that showed by those supercapacitors based on organic or ionic liquid based electrolytes [1] [2] [3] .
Most of the strategies for overcoming this limitation are focused on the development of electrode materials with high electrochemical stability and capacitance. Among all the possibilities, the development of ultraporous carbon materials with well-developed microporosity and ordered structure is highly desirable. In this sense, zeolite-templated carbons (ZTC) evidence a unique 3D-ordered microporous structure that shows extremely profitable properties for this application [4, 5] . First, they have an outstanding apparent surface area and an ordered structure with uniform pore size distribution (1.2 nm) that maximizes the formation of the electrical double layer and improves the mobility of ions within the porosity, making them especially interesting as electrode materials for supercapacitors. Moreover, a large amount of highly reactive edge sites are present in their structure, which eases the incorporation of electroactive oxygen functionalities that produce an extraordinary pseudocapacitance boost in acid media [6] . However, these materials can be easily overoxidized, leading to the degradation of the structure and the loss of their unique properties.
The electrochemical performance of carbon materials can be tuned by the introduction of heteroatoms (such as O, N, P or B) [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Concretely, nitrogen functional groups have been found to modify the electrochemical stability, electrical conductivity, the wettability and pseudocapacitance of carbon materials [8, [17] [18] [19] [20] . Nevertheless, the role of the different N functionalities still is not fully understood. Nitrogen-doped carbons can be synthesized following two different strategies: (i) by using a nitrogen-containing precursor as source or (ii) through post-treatments of a carbon material with nitrogen reagents [21, 22] . However, these approaches usually require the use of high temperatures that would damage the fragile porous network of ZTCs. Hence, a plausible strategy for obtaining N-doped ZTC while preserving its unique structure would rely on the use of a nitrogencontaining gas as a raw precursor. Following this premise, Kyotani et al [7, 23, 24] synthesized N-ZTC by using acetonitrile as CVD precursor. By careful combination of the CVD conditions and the template, they were able to obtain a nitrogen-rich microporous ZTC with a similar structure of nondoped ZTC, while showing a larger microporosity than that found for other N-doped ZTCs in the literature [25, 26] . The advantageous ordered structure of the resulting material was profited for achieving a better understanding of the effect of N-doping in the electrochemical performance of carbon materials in organic electrolyte [27] , allowing to use them as model materials for understanding the effect of surface chemistry in electrochemical properties and supercapacitor performance. However, the effect of nitrogen doping on the electrochemical performance of highly microporous N-doped ZTC in aqueous electrolyte and in supercapacitors application, has not been assessed before in the literature.
In this work, we show the differences on the performance of N-doped and non-doped zeolite templated carbons through physicochemical and electrochemical characterization. The effect of nitrogen functional groups on the electrochemical behavior of these carbons in two different electrolytes (1 M H2SO4 and 0.5 M KOH) is thoroughly analyzed by different techniques. Also, their performance as electrodes for supercapacitors is studied and related to the functional groups formed on each zeolite template carbon.
EXPERIMENTAL

Zeolite templated carbons
Zeolite templated carbons were synthesized by chemical vapor deposition of different precursors and using zeolite Y as a template (Na-form, SiO2/Al2O3 = 5.6, obtained from Tosoh Co. Ltd.) by following the method reported elsewhere [6, 28, 29] . As a result, two different ZTCs were obtained:
non-doped zeolite templated carbon (ZTC) and N-doped zeolite templated carbon (N-ZTC) [23] .
Physicochemical characterization
The structure order of the samples was analyzed by X-ray diffraction (XRD) recorded on Shimadzu XRD-6100 instrument with Cu-K radiation. The porous texture was characterized by N2 physisorption technique carried out at -196 °C, by using a volumetric sorption analyzer (BEL Japan, BELSORP-max). The apparent specific surface area was calculated by the Brunauer-Emmett-Teller method (SBET) using the N2 adsorption data in the relative pressure (P/P0) range of 0. 
Two electrode cell configuration
Symmetric capacitors (in mass) were assembled for both carbon materials. The electrodes were prepared by using the method described above (section 2.3.1) with a weight of ~1.3 mg (active phase) per electrode and a geometrical area of 0.196 cm 2 (thickness: 0.2 mm). The electrodes were attached to a stainless-steel collector following the previously mentioned protocol and using the same separator as described in section 2.3.1. These devices were characterized by CV at different scan rates, galvanostatic charge-discharge (GCD) cycles at current densities from 1 to 20 A/g and Electrochemical Impedance Spectroscopy (EIS) in 1M H2SO4 solution. Impedance spectra were measured at 0.05 V in the frequency range of 10 mHz to 100 kHz with an amplitude voltage of 10 mV. The measurements were repeated in freshly prepared cells for their verification. Autolab PGSTAT302 potentiostat was employed for EIS and CV measurements and Arbin SCTS potentiostat for galvanostatic charge-discharge cycles. A durability test was performed by 50000 GCD cycles at a current density of 5 A/g and a voltage of 1.2 V. Current density and specific capacitance is defined based on the total active weight of the carbon material in the cell (two electrodes). The energy density and power density were calculated as described elsewhere [17] . Table 1 summarizes the chemical properties of the samples. Although both samples are obtained by following the same procedure and the replica of the zeolite is successfully obtained providing an ordered microporous structure (see XRD patterns, Figure S1 , and N2 adsorption-desorption isotherms, Figure S2 ), N-ZTC shows ca. 70 % of the apparent surface area and micropore volume of ZTC.
Results and discussion
Physicochemical characterization
The surface chemistry of both materials was characterized by XPS and TPD. The amount of nitrogen and oxygen detected using XPS and the evolved CO and CO2 quantities during TPD are compiled in Table 1 . N-ZTC shows nitrogen content of 3.7 at. % detected by XPS. According to the N1s XPS spectrum ( TPD experiments are used to study in detail the oxygen functionalities that exist on the surface of both carbons [30] [31] [32] [33] . Both materials have a large amount of oxygen functional groups, ca. 3.5 mmol/g or 5.5% wt of oxygen. More specifically, N-ZTC presents a larger amount of CO2-evolving groups in the 200-400 ºC temperature range ( Figure S3 ), which points out the presence of more carboxylic moieties in the nitrogen-doped sample. Interestingly, both samples show a similar amount of CO-evolving groups, but the TPD profile for the evolution of CO, Figure 1a , evidences that the amount of phenolic and ether groups (related to the CO evolution at 600-700 ºC) is predominant in ZTC, whereas evolution of CO at higher temperatures is greater in N-ZTC. Since the CO evolution is still high at the end of the maximum temperature used in the TPD run, it can be considered that the total amount of oxygen functionalities is larger in this sample. Hence, surface oxygen groups of high thermal stability (such as carbonyls and/or even pyrenes) are found on its surface. In accordance to these findings, the surface oxygen functionalities present in ZTC has been previously studied by TPD and Fourier transform infrared spectroscopy and they have been assigned as: acid anhydride (15%), ether (66%), hydroxyl (15%), and carbonyl (4%), whereas N-ZTC presents a lower amount of ethers and hydroxyl functional groups along with a larger amount of carbonyls [7, 34] . 
Electrochemical characterization.
Electrochemical characterization before electro-oxidation
The carbon materials were characterized in a three-electrode cell in acid and alkaline media in order to assess their electrochemical behavior. It should be noted that ZTC can be easily oxidized at low potentials in 1M H2SO4, producing a very large amount of quinone functional groups that are responsible of a large boost in pseudocapacitance [6, 35] . In order to avoid such feature, Figure 2a shows the CVs obtained for ZTC and N-ZTC in a potential range where no important oxidation occurs and the performance of both pristine carbon materials can be analyzed. The CVs obtained for both carbons have a broad oxidation peak during the positive sweep that reaches a maximum at 0.26 V for N-ZTC and at 0.32 V for ZTC. At the negative sweep, the corresponding reduction peaks at potentials close to 0.16 and 0.23V are observed respectively for N-ZTC and ZTC. The redox processes observed in the ZTC electrode are undoubtedly related to electroactive functional groups that, according to previous studies, correspond with the pseudocapacitive contribution of the quinone/hydroquinone redox pair [6] . However, N-ZTC shows larger pseudocapacitance in a wider potential range, delivering a capacitance 38 F/g higher than that of ZTC (see Cg values on Table 2 ).
Since gravimetric capacitance is to some extent proportional to the surface area of porous carbon materials [36, 37] , this result must be a consequence of the presence of a higher amount of electroactive surface oxygen functionalities contained in this material together with nitrogen groups on N-ZTC. In order to achieve a better understanding of the origin of the higher capacitance of N-ZTC, an
analogous CV was recorded in basic medium (Figure 2 .b) for both materials. In this case, the intensity of the redox peaks previously seen in acid medium is notoriously decreased. Hence, the pseudocapacitance observed in acid medium is a consequence of functionalities that are not electroactive in basic medium. In this sense, it has been reported that pyridine groups can contribute to largest capacitance in basic media than in acid media via 1 electron process that is impeded in acid electrolyte due to its protonation in this medium [8, 38] . This is the opposite trend observed for N-ZTC. However, it must be considered that, since the presence of pyridinic nitrogen in N-ZTC is low, it should not be expected that they have a high contribution to capacitance in alkaline electrolyte.
Thus, the highest pseudocapacitive response of pristine N-ZTC in acid electrolyte should be a consequence of its oxygen functionalities. As seen in section 3.1, N-ZTC has larger amount of carbonyl functional groups along with other CO-evolving oxygen functionalities of higher thermal stability ( Figure 1a ). These functional groups could take part in redox reactions involving protons [11] , explaining why the pristine N-ZTC shows both a higher capacitance than ZTC in acid media and a capacitance decrease in alkaline electrolyte.
Also, it should be noted that the surface capacitance (Cg/SBET in Table 2 ) is larger for N-ZTC in both media. Since the pseudocapacitance contribution is mostly neglected in alkaline media, the difference in surface capacitance in 0.5 M KOH can be related to an improvement of wettability as consequence of the different surface chemistry. This improvement can be a consequence of oxygen or nitrogen functional groups. It is well-known that CO-evolving groups increase the wettability of carbon materials [11] . Also, the contribution of N-Q to the wettability of carbons was previously reported [8, 39, 40] . Since both moieties exist on larger amounts on N-ZTC, the improvement in surface capacitance can be related to an enhanced wettability of this carbon material. Moreover, the distribution of the functional groups is expected to be different for N-ZTC and ZTC, with N-Q being found inside the pore network, increasing the wettability of the whole surface of N-ZTC, whereas the CO-evolving groups of ZTC are expected to be preferentially located at edge sites at the entrance of pores, delivering a lower wetting of the inner porosity.
Electrochemical characterization after electro-oxidation
This section reports the performance of zeolite templated carbons after exposing them to electrooxidation conditions in acid and alkaline media. Both carbons were electro-oxidized in 1M H2SO4 by performing three CVs between -0.2 and 1.0 V at 2 mV/s. Figure 3 shows these CVs for both carbon materials. On the first anodic sweep, both electrodes show a large irreversible oxidation current when the potential is shifted to values more positive than 0.6 V. It is well stablished that this oxidation treatment produces electro-active oxygen functional groups in zeolite templated carbons [6, 28, 41] , and also some degradation of the structure and electro-gasification [32] . The oxidation current is larger for the ZTC electrode (see the higher intensity of the black CV at 1.0 V in Figure 3 .a compared to that of Figure 3 .b), evidencing that more intensive oxidation occurs in this sample. The net increase of the currents of the reversible peaks at ca. 0.3V, which are related to electroactivity of the quinone/hydroquinone functionalities, observed after the electro-oxidation treatments corroborates this phenomenon (see the differences between red -initial-and purple -final-CVs in Figure 3a) . N-ZTC also shows the same features (Figure 3b) . However, the observed increase of these redox processes is lower. Consequently, the capacitance recorded for ZTC after electro-oxidation (C ox , Table 2 ) is larger than that found for N-ZTC. It is interesting to note that the voltammograms after the oxidation show different redox processes for both carbon materials. Then, in ZTC an increase in the voltammetric charge is observed in a wide potential window, from -0.1 up to 0.6 V, while in the case of N-ZTC, the increase in voltammetric charge is only observed from 0.2 V to 0.7 V. More significant differences upon the electro-oxidation between these materials are highlighted by overlapping their CVs (Figure 4 ). Although both CVs show similar features, ZTC does show a larger pseudocapacitance from 0.05 to 0.4 V. Since the structure of both materials is essentially identical [23] (see XRD patterns, Figure S2 ), their different performance under electro-oxidative conditions should be related to their different surface chemistry. The electro-oxidized electrodes were analyzed by TPD and it was found that approximately the same amount of oxygen functionalities (6690 µmol/g for ZTC and 6740 µmol/g for for N-ZTC) are generated in the surface of both materials after the treatment. Itoi et al [6] proposed that the incorporation of oxygen groups on ZTC upon the electro-oxidation happens because of the large amount of reactive edge sites that exist on these carbons. Since N-ZTC incorporates the same amount of oxygen functional groups, it can be inferred that larger irreversible oxidation currents experimented by ZTC may be connected to gasification reactions, where certain oxygen functionalities may evolve as CO and CO2 (and therefore, their presence is not detected by TPD over the oxidized electrode) during the CV sweep. Moreover, the electroactivity of certain functional groups showed by electro-oxidized ZTC seem to be hindered or even impeded in N-ZTC, since both carbons have developed a similar amount and type of oxygen functionalities. EIS measurements were carried out for the electro-oxidized samples in order to deepen into the changes produced by the electrochemical oxidation. This technique allows one to distinguish the different resistance contributions affecting the electrodes (diffusive problems, electrode-electrolyte interface, etc.) [42] . Figure 5 shows the Nyquist plots obtained in 1 M H2SO4 for both samples after the electro-oxidation in the acid electrolyte. The main differences between both profiles are observed at low frequencies, where an almost vertical line, related to capacitive behavior, is observed. The onset frequency for reaching capacitive behavior is higher in the case of N-ZTC. The equivalent series resistance (ESR) plus the equivalent distributed resistance (EDR) of the cells was calculated from the x-intercept of this line. The values obtained for both electrodes are summarized in Table 2 .
It can be observed that ZTC electrode shows a higher resistance than N-ZTC and a remarkably Warburg region, related to diffusion processes through the pore network [43] . In this work, the electrodes and the electrochemical cells were prepared by following the same procedure and, consequently, the differences observed are related to the electrode materials. As discussed before (section 3.1), the zeolite templated carbons in this study initially have a similar ordered structure and the same pore size of 1. The differences in electrochemical stability when exposed to high oxidation potentials were further studied in alkaline electrolyte. Figure 6 shows the cyclic voltammograms obtained for N-ZTC and ZTC in basic medium under the oxidative conditions. Again, the current density increases when the potential is shifted to more positive values and an irreversible faradaic current related to oxidation processes is observed (black curve, Figure 6 .a and b). As happened in acid medium, the current density obtained for ZTC is higher than for N-ZTC electrode, pointing out the higher electrochemical stability of the N-doped carbon.
Furthermore, the CV obtained for N-ZTC remains practically invariable after positive polarization, while, in case of ZTC, there is a small increase of capacitance (Table 2 ). This increase of capacitance can be explained by different phenomena: (i) increase of wettability and (ii) appearance of pseudocapacitance. In general, carbon materials have an increase of wettability when oxygen functional groups (mainly CO-evolving groups) are attached to their surface [47] . Consequently, the improvement of capacitance of ZTC is mainly attributed to the generation of oxygen functionalities on this carbon after electro-oxidation. As expected, this effect is not observed in N-ZTC electrode owing to the contribution of N-Q functionalities to the wettability of this material. Regarding pseudocapacitive behavior is observed in alkaline electrolyte for both N-ZTC and ZTC electrodes, Figure 7 . Previous research reported the evidence of pseudocapacitance in alkaline medium due to the contribution of oxygen functionalities in carbon cloths when the pH is above 11 due the previous activation in acid medium of pyrone derivatives and another unidentified species [48] . Thus, different CO-evolving functional groups could be responsible of the electroactivity showed in KOH electrolyte by both carbon materials, although this is an issue that needs further research. 
ZTC and N-ZTC supercapacitors using acid electrolyte
The performance of the materials as electrodes for supercapacitors was assessed by using a symmetric configuration (in mass) in 1M H2SO4. Prior to assembling the two-electrode cell of ZTC, both positive and negative electrodes were electro-oxidized (as described in section 3.2.2) in order to stabilize their response and avoid any problem related with the large irreversible current shown by ZTC during the first loading cycles [49] . Since the electro-oxidation current shown by N-ZTC in the CV studies was lower, the stability of the negative electrode is not affected (i.e. the negative electrode does not reach potentials where hydrogen evolution occurs) and, consequently, this pretreatment was not needed for N-ZTC electrodes. In the case of N-ZTC supercapacitor, the charge is lower than for ZTC at voltages close to zero due to the lower pseudocapacitance contribution on this material (Figure 4) , while the charge drop of the supercapacitor at medium and high voltages in N-ZTC is mitigated due to the higher charge of this material as the potential of the electrodes is shifted from OCP. (Table 3) .
However, the increase of current density up to 20 A/g produces a decrease in capacitance more accused in the case of ZTC, due to a higher ohmic drop (Figure 9 .b). This plays an important role on the retention of energy at high power density, as can be seen in the Ragone plot (Figure 9 .c). Thus, when energy is considered, N-ZTC based supercapacitor shows only a small improvement compared to ZTC one at 1 A/g. However, the difference in energy becomes larger at high current density, since N-ZTC based capacitor only experiences a decrease of 28% of the initial energy at 20 A/g, while in
case of ZTC cell, a loss of 78% is observed. These differences on the energy retention at high power density are usually related to certain properties of the electrodes, such as electrical conductivity and ion mobility within the porosity. These properties can be better understood by EIS. Figure 9 .d are characteristic of carbon materials with a mainly capacitive behavior [43] . At high frequencies, a semicircle is observed in both supercapacitors. This semicircle is produced by the parallel combination of the bulk capacitance of the electrolyte and the electrical resistances to charge propagation in the electrode [50] , and it includes contact resistance between particles. At medium frequencies, the Warburg region (evidenced by a 45º line in the Nyquist plot) is observed, while at low frequencies, the shape of the curve becomes close to a vertical line, characteristic of the capacitive behavior [42] . Table 3 summarizes the cell resistance obtained for both capacitors. As happened in three electrode cell configuration (section 3.2.2.), N-ZTC capacitor shows much lower resistance. These cell resistances are governed by: (i) the diffusive problems of the ions through the porosity (Warburg region [43] ) and (ii) the electrical resistances to charge propagation in the electrode (indicated by the diameter of the semicircle) [50] . Both the Warburg and the semicircle resistances are lower in N-ZTC, although the latter resistance is much lower. For understanding the difference in this resistance, it should be noted that both ZTC and N-ZTC supercapacitors have been assembled using the same electrolyte, the same electrode composition and by following the same procedure. Therefore, we proposed that the main differences between the cell resistances of these supercapacitors are mainly related to the inherent electrical conductivity of the electrode materials that decrease the contact resistance between particles. As discussed before (section 3.2.2), the main differences of both carbons are related to the presence of nitrogen heteroatoms in N-ZTC. The resistance value obtained for this capacitor is four times lower than that calculated for ZTC cell (Table 3) , and it evidences the better electrical conductivity and charge propagation of N-ZTC electrodes. In accordance to this finding, the maximum power obtained for N-ZTC based capacitor (calculated from the resistance measured from the ohmic drop of GCD cycles, which is in good agreement to that obtained from the EIS analyses) is four times larger than the value obtained for ZTC cell. This value outperforms those found in the literature for other carbon electrodes in supercapacitors [5, 51, 52] , such as activated carbons (61.2 kW/kg in 1M H2SO4) [17] , activated carbon nanofibers (20 kW/kg in 6M KOH) [53] , hierarchical porous carbons (52.7 kW/kg in 1M H2SO4) [54] , carbon nanotubes (43.3 kW/kg in 1M Et4NBF4/propylene carbonate) [55] and other templated carbons (28kW/kg in 1M H2SO4) [56] . This outstanding improvement of N-ZTC based capacitor is probably a consequence of its connected nanopore structure, which facilitates the accessibility of the electrolyte [4] , and the large quantity of N-Q functionalities and pyrrole on the surface of this material, that are able to increase both wettability and electrical conductivity [18, 20, 44, 45] . The presence of nitrogen functionalities can also modify the stability of porous carbon materials [19] [22] [17] . In order to explore this option, the durability of both cells was evaluated by 50000 GCD cycles at 1.2 V. Figure 10 shows the evolution of the capacitance retention (C/Co) during the test. Both capacitors evidence a similar capacitance retention after the durability test (Table 3) , although it is somewhat higher in case of N-ZTC cell. However, it can be seen in Figure 10 that ZTC based capacitor shows larger changes of capacitance along cycles, evidencing a less stable performance. The improvement of stability in this capacitor is probably a consequence of the N functionalities formed on N-ZTC electrodes, since they are able to increase the stability by preventing the incorporation of detrimental oxygen functionalities [17] .
CONCLUSIONS
In this work, the electrochemical behavior of non-doped and N-doped zeolite templated carbons were studied as electrodes for supercapacitors in different aqueous electrolytes. The materials were synthesized by CVD of different precursors and they evidenced a practically identical structure but different surface chemistry. The role of the different N-functionalities in their electrochemical performance was elucidated by different techniques. The study carried out by cyclic voltammetry evidenced a higher resistance to electro-oxidation and degradation in case of N-ZTC in acid and alkaline media. Also, the different electroactivity in 1M H2SO4 of the functional groups generated at positive potentials was demonstrated. The CV study suggested that N-ZTC has better wettability than ZTC as consequence of the large amount of N-Q functionalities at its surface. Also, it was shown that N-Q functionalities provide better conductivity to this carbon.
The effect of the different performance of these carbons as electrodes for supercapacitors was assessed in acid electrolyte using a two-electrode cell configuration. The results showed that both capacitors provide similar capacitance, but larger energy in case of N-ZTC. This result is the outcome of the large dependence of capacitance on potential in the highly oxidized ZTC. This behavior produces a large capacitance at low voltages, but a much smaller capacitance at high voltages, where most energy would be stored. In consequence, the more capacitive behavior of N-ZTC renders an improved energy density.
More interestingly, N-ZTC based supercapacitor provided a maximum power that is four times larger than that showed by ZTC based supercapacitor (98 and 23 kW/kg), as consequence of the improvement of electrical conductivity produced by N-Q functionalities in N-ZTC electrodes. The durability of the capacitors was evaluated by 50000 GCD cycles at 5 A/g and 1.2 V. Both capacitors evidenced high capacitance retention after the durability test, but N-ZTC based capacitor showed a most stable performance along cycles, pointing out the stabilizing effect of N functional groups.
These results provide clear evidences of the advantages of doping advanced porous carbon materials with nitrogen functionalities for the improvement of the performance of aqueous based supercapacitors.
